We analyse Fourier frequency resolved spectra of a number of black hole X-ray binaries, with a particular emphasis on energy dependencies of X-ray quasi-periodic oscillations. The selected sources were observed by RXTE at time periods close to state transitions and showed QPO in the 1-10 Hz range. We modeled Fourier frequency sequences of energy spectra. We found different behaviour of the Fourier spectra as a function of frequency depending on spectral state of the source, and we also identified features characteristic to the QPO. We have also constructed QPO root-mean-square energy spectra, which give a more direct information about underlying physical processes. These show an interesting anti-correlation with the time averaged spectra. The QPO r.m.s. spectra are harder than the time averaged spectra when the latter are soft, while they are softer than the time averaged spectra when the latter are hard. We then discuss these observational results in the context of simple spectral variability models. Hard QPO spectra can be produced by quasi-periodic modulations of the heating rate of the Comptonizing plasma, while soft QPO spectra result from modulations of the cooling rate by soft photons.
INTRODUCTION
The variable X-ray emission from accreting compact objects carries information about physical processes and geometry of the accretion flow. Fourier frequency resolved spectroscopy is one of the tools to extract the information. It is the analysis of energy spectra of variations on different but well defined time scales, where the energy spectra are constructed from power density spectra in each energy channel (Revnivtsev, Gilfanov & Churazov 1999) . This method applied to low/hard state data of Cyg X-1 revealed an interesting relation between energy spectra of variability on different time scales: the shorter the time scale, the harder the spectrum (Revnivtsev et al. 1999; . Furthermore, the harder spectra are accompanied by the reprocessed component of lower amplitude than the softer spectra, meaning that the spectral index-reflection amplitude correlation (Zdziarski, Lubiński & Smith 1999) is obeyed also by the Fourier spectra. The significance of these results is that they place additional constraints on models of accretion. For example, they are not compatible with predictions ⋆ E-mail:malsob@camk.edu.pl † Present address: University of Durham, Physics Department, South Road, Durham DH1 3LE, UK ‡ E-mail:ptz@camk.edu.pl of a simple model of localized magnetic flares (Życki 2002) , but they are compatible with a radial propagation model (Życki 2003) .
Similar analysis performed on data from neutron star X-ray binaries (XRB) enabled Gilfanov, Revnivtsev & Molkov (2003) and Revnivtsev & Gilfanov (2005) to uniquely decompose the spectra onto components from non-variable accretion disc and variable boundary layer. Identification of these components in time averaged spectra is usually non-unique (see, e.g., discussion in Done, Zycki & Smith 2002) . Moreover, Gilfanov et al. (2003) showed that the spectra at different Fourier frequencies are very similar, unlike the black hole XRB case. In particular, the kilo-Hz quasi-periodic oscillations (QPO) spectra are the same as spectra at other Fourier frequencies. This can be interpreted as common spatial origin of the X-rays showing the usual broad band noise variability and the more coherent quasi-periodic variability. The lower temperature spectral component consistent with an accretion disc emission was found to be only weakly variable. This seems to be a general property of the thermal emission from accretion discs, including black hole systems (Cyg X-1 in the soft state; .
Fourier spectroscopy techniques are particularly suitable for analysis of QPO. Here, one can construct a root-mean-square spectrum, where each point is the r.m.s. variability (not r.m.s./mean) integrated over the component (e.g. a Lorentzian) describing the QPO in the broad band power spectrum. The significance of the r.m.s. spectrum is that it describes the energy spectrum of the process responsible for the QPO, if the QPO is generated by a separate process from the one producing the rest of the variability (Gilfanov et al. 2003; Życki & Sobolewska 2005 , hereafter Paper I). If the QPO is produced by an additional modulation of one or more physical parameters determining the spectrum, its r.m.s. spectrum has less direct interpretation, but still it contains the signatures of the modulation (Paper I; see also Gierliński & Zdziarski 2005) .
QPO are a common feature in X-ray power spectra from XRB. Many "flavours" of QPO have been identified, with some correlations between their frequencies (Psaltis, Belloni & van der Klis 1999) . For example, low frequency (f of a few Hz) QPO in black hole XRB seem to appear preferentially when the state of the source changes (Rutledge et al. 1999) . They are mostly observed in luminous states, high or very high state, when the energy spectrum is rather complex, showing both disc thermal component and high energy Comptonized component (see QPO observations review in Wijnands 2001) . Models of QPO so far concentrated on identifying the frequencies of oscillations, with very little if any attention paid to the fact that it is the hard X-rays which are modulated (see QPO models review in Psaltis 2001) . The results of Gilfanov et al. (2003) and Revnivtsev & Gilfanov (2005) are perhaps the only ones where the energy spectrum of a QPO is discussed and interpreted.
In this paper we analyse RXTE data from a number of black hole XRB, observed at time periods close to or during state transitions, when the sources showed QPO in 1-10 Hz range. We selected data with good energy and time resolutions, enabling construction of power density spectra (PDS) in at least 12 energy channels covering the 3-40 keV range. We then constructed the Fourier frequency resolved spectra (ff-spectra) in a number of frequency intervals to investigate the spectral trends with f . In particular we attempted to identify features specific to the QPO, i.e. appearing at the QPO frequency. We then constructed the r.m.s. spectra of the QPO and compared them with the mean energy spectra. Finally, we compared the results of data analysis with the predictions of theoretical models. The models themselves are described in detail in a separate paper (Życki & Sobolewska 2005).
DATA SELECTION AND DESCRIPTION OF TIME-AVERAGED SPECTRA
We made use of the RXTE archive data. We were particularly interested in observations during which a pronounced (rms > 10%) and coherent 1-10 Hz QPO were present in the power density spectrum. A basic criterion was good timing and spectral resolution of the data. The log of all observations is presented in Table 1 .
We extracted Standard 2 PCA spectra from top and mid layer from all available units. Standard selection criteria and dead time correction procedures were applied. The PCA background was estimated using the pcabackest package (ver. 3.0), while the response matrices were made for each observation with pcarsp ver. 10.1 tool. Systematic error of 0.5 per cent were added to each bin of PCA spectra, to take into account possible calibration uncertainties. HEXTE data (Archive mode, Cluster 0) were extracted using the same selection criteria as those for the PCA. Background was estimated using hxtback tool. For spectral modelling we used the PCA data in 3-20 keV range and HEXTE data 20-200 keV range.
The spectral model consisted of a disc blackbody and thermal Comptonization components, modified by photoelectric absorption. For Comptonization we use the THCOMP XSPEC model (Zdziarski, Johnson & Magdziarz 1996) . This is parametrized by the asymptotic spectral index, Γ, seed photon temperature, T0, and electron temperature, kTe. Disc blackbody (maximum) temperature is denoted T bb . In most cases we assume T0 = T bb as can be expected, if it is the disc photons which are Comptonized, but we will also consider cases where the temperatures are de-coupled. The THCOMP model computes also self-consistently the reprocessed component consisting of the Compton reflected continuum and the Fe fluorescent Kα line (Życki, Done & Smith 1999 and references therein) . The main parameters here are the relative amplitude of the component, R, ionization parameter of the reprocessor, ξ, and the inner disc radius used for computing the smearing of spectral features due to relativistic effects, Rin.
Results of the fits to the time averaged spectra are given in Table 2 and described in detail in following Sections. All uncertainties in the Table are 90% confidence limits for one parameter of interest, i.e. ∆χ 2 = 2.71. We allowed for a free normalization between the data from PCA and HEXTE.
XTE J1859+226
We study four observations of the X-ray nova XTE J1859+226 at the luminosity peak during its 1999 outburst. Detailed timing analysis and identification of different types of QPO was presented in Casella et al. (2004) . During the observations the source was in a very high state. The data are well described with a disc blackbody model with a temperature of ∼ 0.7-0.8 keV and its thermal Comptonization on electrons with temperature fixed at kTe = 150 keV (lower temperature, kTe ≈ 40 keV is required for the first observation). The Comptonized continuum has a photon index of Γ = 2.1-2.4. In all datasets a weak (amplitude R = 0.1-0.2), highly ionized (ionization parameter ξ = 1200-2700) reflection component is present. All but the first observation require an additional smearing, which we model as relativistic effects.
GRS 1915+105
We analysed three observations of GRS 1915+105. This is a very peculiar source showing complicated variability patterns and complex spectra. It seems to be always in a high/soft state, because of high accretion rate (Sobolewska &Życki 2003; Done, Wardziński & Gierliński 2004) . The spectral analysis of the three characteristic spectral states of this source, introduced by Belloni et al. (2000) , was presented in Sobolewska &Życki (2003) .
The spectrum from the first observation can be well modelled as a sum of disc blackbody and a thermal Comptonization component. In such a scenario, disc blackbody photons with a temperature of ∼ 0.6 keV provide seed photons for Comptonization on electrons with kTe ≈ 40 keV. The continuum is modified by reflection (R ≈ 0.5) from a highly ionized medium (ξ ∼ 10 4 ), with relativistic smearing. An additional gaussian line at 6.4 keV is also needed to fit the residua.
The same model does not describe well the two remaining datasets. Large residua in soft energy band remain and the model cannot fit simultaneously the high energy tail (above 50 keV). We try a two-Comptonization model and a model consisting of a disc blackbody and two Comptonizations. While the three component models give fits of comparable or marginally better quality (χ 2 ν = 69.5/61 vs. 72.2/62 and 44.1/65 vs. 52.0/66, for datasets II and III, respectively), the best fit values of the reflection amplitude are closer to 1 than for the two component models. We thus use the three component models in our further studies. Disc photons temperature is kT bb = 0.2-1 keV. Electron temperature in the soft Comptonization component is 4-5 keV, while in the hard Comptonization component it is 50-150 keV. Best fit reflection amplitudes are high, R = 1.3-1.7,although with quite high uncertainties, and the reflection is highly ionized, ξ ∼ 10 4 . Additional narrow gaussian line at 6.4 keV of EW≈ 50 eV is also required.
XTE J1550-564
XTE J1550-564 have been studied by many authors (e.g. Sobczak et al. 2000; Wilson & Done 2001) . We chose four observations from the 1998 outburst (Cui et al. 1999; Kubota & Makishima 2004; Kubota & Done 2004 ) and one observation from the 2000 outburst (Tomsick, Corbel & Kaaret 2001) .
During our first observation (obs. 8 in Cui et al. 1999 ) the source already switched to a soft state. The spectrum cannot be described by a two-component continuum model (either a disc blackbody and a Comptonization, or a two Comptonization model). A three component model provides a good fit: disc blackbody of T bb ≈ 0.6 keV and its Comptonization on cool (kTe ≈ 8 keV) and hot (kTe = 150 keV) electrons. The data require a somewhat broadened, highly ionized (ξ ∼ 10 3 ) reflection (R ∼ 0.4) and an additional narrow iron line at 6.4 keV.
Our next three observations are representative to the ,,anomalous" very high state (Kubota & Makishima 2004; Kubota & Done 2004) , which the source entered after being in the standard very A detailed timing analysis of these observations was presented in, e.g., Remillard et al. (2002) . We find a very good description of the (III) and (IV) datasets with a model consisting of two Comptonizations. Additional disc blackbody component is required only in the first anomalous state observation (dataset II). The electron plasma temperatures are kTe = 5-15 for the soft Comptonization and it was fixed at 150 keV for the hard Comptonization. The temperature of seed photons drops from kT bb = 0.9 to 0.5 keV. The data require a reflection component whose strength also decreases (from R ≈ 2 to 0.2). The reflecting medium is highly ionized (ξ = 1300-4000), and the data required also some relativistic smearing. The first and third datasets need a narrow Gaussian line at 6.4 keV. Our last observation was taken during the 2000 outburst, when the source was transiting to a hard state. This is observation 3 in Kalemci et al. (2001) (timing analysis) and Tomsick et al. (2001) (spectral analysis). We found that the data can be very well described with a weak disc blackbody (kT bb ∼ 0.9 keV) and thermal Comptonization (kTe = 150 keV). The photon index of the continuum is very hard, Γ ∼ 1.7. The data require a weak reflection component (R ≈ 0.1) from an ionized medium (ξ ≈ 1700), with significant smearing, corresponding to relativistic smearing with inner disc radius of 8 Rg). The residua at 6.4 keV are fit with additional narrow gaussian line.
4U 1630-47
We chose two observations of 4U 1630-47 from the beginning of the 1998 outburst, when the source was still in a low/hard state. A detailed timing analysis of the outburst was performed in Dieters et al. (2000) . In particular, a complex behaviour of QPO features during the transition was analysed. According to Dieters et al. (2000) classification, based on the power density properties, our observations are an example of type A. We find that the energy spectra are well described by a model composed of a weak disc blackbody component with a relatively high soft photons temperature, kT bb ∼ 1, and its Comptonization on hot electrons. The continuum slope is Γ ∼ 1.9-2, intermediate between the hard slope of the last dataset of XTE J1550-564 and the soft state slopes. The data also require a weak reflection component (R ≈ 0.1) from an ionized matter (ξ = 2000-5000).
QPO DATA ANALYSIS

Light curves and power density spectra
We used binned and event mode PCA data for the high time resolution spectral analysis. PCA configurations used for each dataset are given in Table 3 . We generated light curves in each energy channel using standard tools from the FTOOLS package. We used the binned mode data in the range 3-13 keV and the event mode data above 13 keV. We computed the power density spectra in the Leahy normalization with the white noise subtracted in POWSPEC. Then, we corrected each PDS for background and renormalized to the Miyamoto normalization (i.e., (r.m.s./mean) 2 ), by multiplying by S+B S 2 , where S and B are source and background count rates, respectively (Berger & van der Klis 1994) .
Fourier frequency resolved spectra and the r.m.s. spectra
From our sets of PDS, we constructed the Fourier frequency resolved spectra following the procedure described in Revnivtsev et al. (1999) ,
where i enumerates energy bins and j enumerates frequency bins, C is the count rate and P is the power, and the integration is over a narrow frequency interval ∆fj around fj . We were usually able to compute four ff-spectra: one or two at f < fQPO, one for fQPO and one or two spectra at f > fQPO, integrating over narrow intervals ∆fj according to Eq. 1 (see Table 3 ). In this way we were able to study energy spectral trends with Fourier frequency. We stress here that the ff-spectrum around fQPO is not a pure QPO energy spctrum, since it also contains a contribution from the broad band noise at the same frequency.
We modeled the PDS either as a broken power law continuum with a Lorentz QPO profile, or as a sum of Lorentz profiles describing both the continuum and the QPO (e.g. Nowak 2000) . These are phenomenological descriptions, however, since a Lorentz function is a Fourier transform of a damped harmonic oscillator, it can be assumed (in particular in the latter case) that each Lorentzian in the PDS is a signature of a quasi-periodic process with a different de- We constructed response matrices for binned and event mode data using pcarsp (the background correction was performed at the stage of constructing PDS) and we fit the ff-spectra in XSPEC in order to quantify the spectral trends. We used data in a relatively wide energy range, ∼ 3-40 keV, but since the PCA data become background dominated above 20-30 keV, any residua and features at 20-40 keV should be treated and interpreted with caution.
It needs to be emphasized here that individual ff-spectra usually do not have a direct physical interpretation in terms of specific parameters of Comptonizing plasma. It is the trends of spectra with Fourier frequency that can be modelled theoretically (Życki 2002, 2003) . Only in the simple case of no dependence on f can the ff-spectra be directly interpreted, as it happens to be the case for neutron star XRBs (Revnivtsev et al. 1999; Gilfanov et al. 2003) .
RESULTS
The ff-spectra can be satisfactorily described with only one spectral component, the thermal Comptonization. The disc blackbody component, or the low temperature Comptonization apparent in the mean energy spectra are not needed in the model for the ff-spectra. This extends previous results of Churazov et al. (2001) on variability of Cyg X-1 in soft state, where the soft disc component did not show any short-time scale variability. The two exceptions from this constancy of the soft component are discussed below.
Firstly, the thermal Comptonization model failed to describe the QPO and high frequency ff-spectra in two observations of XTE J1550-564 in the "anomalous" state (obs. (III) and (IV) in Table 1 ). Strong residua were left at energies below ∼ 5 keV indicating a decrease in variability for low energies.
Secondly, The shape of the low frequency ff-spectrum of GRS 1915+105 (obs. (II) in Table 1 ) also deviated from a simple thermal Comptonization model. Formally, it can be modeled by a sum of a disc blackbody radiation and reflection only, i.e. the in-Figure 1. Dependencies of spectral parameters of the ff-spectra on Fourier frequency for eight observations in the soft state. The spectral slope, plotted on the left, increases with f , i.e. the higher the frequency the softer the spectra. This is opposite to what was observed in sources in the hard state. The seed photons temperature is plotted on the right. The temperature determined from the QPO ff-spectrum (marked with 'Q') usually lies above the trend established by other points.
trinsic power law radiation is hidden. The reflection can be either from a highly ionized medium or from a neutral medium. In the latter case relativistic effects must be included to smear the sharp spectral features.
Nevertheless, we conclude that in general it is the thermal Comptonization that describes the ff-spectra. This simply means that it is the Comptonized component which varies, but a priori the variability could be driven by flares/modulations in either the hot plasma or the cold disc, or both. The energy dependence of r.m.s. variability is one way of distinguishing between the various modes, since they usually lead to different r.m.s.(E) relations (Zdziarski et al. 2002; Życki & Sobolewska 2005) .
Spectral evolution with Fourier frequency
Frequency-photon index correlation in the soft state
Results of fitting the THCOMP model to the ff-spectra are given in Table 4 . Two main fit parameters are the spectral slope, Γ, and the seed photons temperature, T0. Initially, the electron temperature was frozen at a high value, kTe = 150 keV, so that the high energy cutoff is beyond the data range and the reflection amplitude was frozen at R = 0. These two parameters were allowed to fit only, if the initial model fit was not satisfactory. In most cases the initial model did provide a good fit, but some spectra required either low a χ 2 /dof for a constant model b χ 2 /dof for a linear or power law model, whichever is better c χ 2 /dof for a constant/log(f ) model to data points without the QPO data d χ 2 /(no. of data points) for the same model as in c , but with the QPO data point added. Large increase of χ 2 compared to c means that the QPO point does not follow the trend established by other points e Examination of point values clearly support the increase of Γ with f , however no simple two-parameter function describes the Γ(f ) dependence, hence the high value of χ 2 in b and low F-test significance (see also Fig. 1a ) f Only three data points including QPO; linear model required for the two points kTe, or some reprocessed component, or both. In particular, in 5 out of 8 QPO spectra the reprocessed component was significantly detected. We will discuss the presence of the reprocessed component in the QPO spectra in more details in Sec 4.2.3.
We plot the Γ(f ) and kT0(f ) dependencies in Fig. 1 . The slope seems to increase with f , i.e. the higher the frequency the softer the spectra. We quantify this effect by first fitting a constant function to the data points and then trying a linear or a power law function. Results of this procedure are presented in Table 5 . Values of χ 2 ν < 1 for a constant model are obtained only for two out of eight datasets. For the remaining six datasets a constant does not provide a good fit (χ 2 ν > 1.6) and the F-test gives the probability of chance improvement less than 10% when the more complex function is fit. For the XTE J1859+226 (II) data (F-test probability of 0.24) the softening of spectrum with f is obvious from Figs. 1c and 2b, but the non-monotonic behaviour of Γ(f ) resulted in rather poor fit with the linear (or any other two-parameter) model and the low formal significance of the trend. We conclude that the data do reveal a trend of spectral slope with Fourier frequency, but high significance determinations of the trend would require rather better data.
Interestingly, softening of the spectrum with f is opposite to what was reported by Revnivtsev et al. (1999) for Cyg X-1 in the hard state. Unfortunately, our hard state spectra do not have enough statistics to perform similar analysis. Figure 2 presents the fit results in a different form, as ∆χ 2 contours in the kT0-Γ plane. Contours of ∆χ 2 = 2.30, 4.61 and 9.21 (68%, 90% and 99% confidence limits for two parameteres of interest) are plotted. These show possible correlations between parameters and also present the relations Γ(f ) and kT0(f ) in qualitative, graphical form.
The maximum of seed photons temperature in QPO spectrum
In most cases the seed photon temperature is determined less accurately than the photon index of the Comptonized continuum. However, the data provide a hint that the soft photon temperature reaches a maximum for the QPO spectrum compared with the spec-tra at other f (see Fig. 2b , c, d, f, h). Here we quantify this effect by first describing possible trends in T0(f ) without the QPO data point, and then we check if the QPO data follow this trend. We first assumed a constant T0(f ) but we found that a linear function T0 of log(f ) was required for data GRS 1915+105 and XTE J1550-564.
(Since we do not know a priori what the T0(f ) relations should be, we tried a number of possibilities: linear, power law or a log function. We found that the log function provides the lowest, thus most conservative, significance of the QPO spectra having maximum T0.) Values of χ 2 ν from these fits are given in column 5 of Table 5 . When the QPO points are now added to the fits, the quality of all but one fit worsen significantly, with ∆χ 2 ranging from ≈ 4 to ≈ 66 for the one data point added, which means that in at least some cases T0 for the QPO spectrum is significantly higher than what would be predicted from the trend from the broad band noise. Again, we stress here that the ff-spectrum at fQPO contains a contribution from the broad band noise, and so any effect from the QPO is diluted by the noise contribution. We will demonstrate in the next Section that indeed pure QPO spectra show higher values of low energy cutoff than the time average specra.
The energy dependent r.m.s. QPO spectra
Here we investigate the energy dependent QPO r.m.s. spectra and compare them to the time averaged spectra. The latter were described in earlier sections on individual objects. The results are presented in the form of ratios of QPO data to the model components of the time averaged spectra, when the model normalization was adjusted to give smallest possible χ 2 . These will be useful when we discuss the data in the context of theoretical models in the next Section. We will also perform formal model fits to some of the QPO spectra in order to more quantitatively determine their shape relative to the time averaged spectra.
Our sample contain 14 observations of four objects. Of these 11 observations were performed in soft spectral states while 3 in the hard state. Figure 2 . Results of fitting the ff-spectra with a thermal Comptonization model. Contours of 68%, 90% and 99% confidence levels in the photon index-soft photons temperature plane for low (L), QPO (Q) and high (H) frequency spectra are plotted for 8 soft state observations.
Soft state spectra
In the soft state of XTE J1859+226 (Fig 3) the QPO spectra are more similar to the Comptonized component than to the total spectra. This means that the disc blackbody component is not present in the QPO spectra, i.e. it does not participate in the oscillations. The QPO spectra are harder than the Comptonized component in the corresponding time averaged spectrum. Ratios for dataset (III) clearly indicate the presence of the reprocessed component in the QPO spectrum, which will be discussed in more details below.
Similarly, no disc blackbody component in the QPO spectra is observed for GRS 1915+105 (Fig. 4) . In all three spectra the QPO data show larger deviations from the total model than from the (total) Comptonized component. In datasets (II) and (III), where the time averaged spectrum requires two Comptonized components, the QPO are most similar to the sum of the two Comptonizations, rather than to either single one of them. In particular, the QPO spectra seem to be much harder than the soft Comptonization.
We attempt to fit the QPO data with a modified time averaged Comptonization continuum. We first tie all the parameters of the QPO model, except for normalization, to the parameters of the time averaged spectrum. Fitting the GRS 1915+105 (I) dataset we also set the disc blackbody normalization to 0, so the only free parameter is the normalization of the Comptonized component. The fit is very bad, χ 2 ν = 267/18 dof. It improves dramatically, when seed photon temperature, T0, is free to adjust, χ 2 ν = 42.3/17 dof. The fit improves further if the continuum slope is left free, χ 2 ν = 35.8/16. The resulting model has higher T0 ≈ 0.95 keV compared to the ≈ 0.65 keV in the mean spectrum, and it is harder than the latter, Γ ≈ 2.18 compared to ≈ 2.25. The fit can be further improved if the reflection amplitude is free to adjust, which will be discussed below.
For GRS 1915+105 datasets (II) and (III) there is a number of ways the time averaged Comptonized components can be modified to fit the QPO spectrum, since there are two Comptonized components in each spectrum (in addition to the disc blackbody). Letting T0 (common to the two components) to be free does provide a good fit, with the best fit value again higher than that in Figure 3 . A comparison of the QPO and mean energy spectra in the soft spectral state of XTE J1859+226. Upper panels: time averaged and QPO energy spectra, unfolded using models described in Sec. 2 and Sec. 4.2.3, respectively. Solid curves show the total spectra, the dotted curve (magenta online) is the disc blackbody component, while the dot-dashed curve (blue online) is the Comptonized component. Lower panels show ratios of the QPO data to various model components: the total time averaged continuum (but without the reprocessed component), and to the time averaged Comptonization continuum only (i.e. the disc and reprocessed components removed). The QPO spectra are harder than the time averaged spectra in this soft state, and they are closer to pure Comptonization continua than to the total continua (i.e. the disc component does not seem to contribute to QPO). The reprocessed component is present in two QPO spectra (I and III; see Table 6 ). the mean spectrum. When the seed photon temperature is fixed, T0, QPO = T0,mean, obtaining a fit of similarly good quality requires freeing at least three parameters: the two spectral slopes and electron temperature of the soft Comptonization.
In the "anomalous" VHS of XTE J1550-564 the QPO spectra are again harder than the time averaged spectra (Fig. 5) . The disc blackbody component, even if present in the mean spectrum, is not present in the QPO spectra. The QPO spectra slope above ≈ 7 keV in dataset (III) and (IV) is similar to that of the hard Comptonization slope in time averaged spectrum, but there is a strong cutoff in QPO spectra below that energy, which formally can be described as a high value of T0. We therefore test a model, where the QPO spectrum is equal to the hard Comptonization component in the mean spectrum, but their common seed photon temperature is untied from the disc blackbody temperature or soft Comptonization seed photon temperature, T0,QPO = T 0,hard = T 0,soft = T bb . Such a model gives somewhat worse fits to the combined datasets than best models to time averaged data alone. Pairs of χ 2 ν values for the mean spectrum fit (from Section 2) and for the combined mean spectrum and the QPO spectrum fits, are as follows: (63.5/69 = 0.92, 95.3/77 = 1.24), (51.3/71 = 0.71, 65.6/81 = 0.81) and (74.5/73 = 1.02, 85.1/82 = 1.04), for dataset (II), (III) and (IV), respectively. For datasets (III) and (IV) the increase of χ 2 is 14.3 and 10.6 per 10 and 9 new dof, respectively. Thus including the QPO data does not significantly worsens these fits. Nevertheless, systematic residua are present in the QPO fits to the modified hard continuum models, including the low energy cutoffs below ≈ 6 keV, which is not well modelled by the increased T0 if the latter is also to fit the mean spectrum. We thus conclude that the QPO data are unlikely to be described simply by the same shape as the hard Comptonizing continuum. This implies that more complicated models, which include spectral variability, must be employed to explain the QPO in these datasets. We intend to explore such models in more details in a future paper.
Hard state spectra
In the hard spectral state of XTE J1550-564 (dataset V; Fig. 6 ), the QPO spectrum is somewhat softer than the total spectrum. When the model for the time averaged spectrum is fitted to the QPO data, the best fit model does contain the disc blackbody component (T bb ≈ 0.89 keV). When the disc blackbody component is removed and the seed photon temperature, T0, is fixed at T bb , the fit is worse by ∆χ 2 = 7.2 for one more dof (χ 2 ν = 13.1/10 vs. 5.7/9). Now, if T0 is free to adjust the fit improves to χ 2 ν = 5.7/9, but the new T0 = 0.54 +0.23 −0.54 is lower than T bb . Thus, contrary to the QPO spectra in soft states, here the QPO spectrum either contains the disc blackbody component, or the seed photon temperature in QPO spectra is lower than that in time averaged spectra. In either case the QPO spectrum slope is softer than the time averaged spectrum. Figure 6 . A comparison of the QPO and mean energy spectra in the hard spectral states. Panels are described in details in Fig. 3 . Ratios of the QPO data to: total continuum spectrum and the Comptonized continuum are plotted as labelled.
In the other two hard state observations, of 4U 1630-47, the QPO slope seems to be similar to the Comptonization slope in the time averaged spectrum, but the residuals suggest somewhat higher T0 (Fig. 6 ). When the time averaged model is renormalized (Γ and T0 fixed) to the QPO data, the fits have χ 2 ν = 27.5/19 and χ 2 ν = 25.4/19 for datasets (I) and (II), respectively. Allowing Γ and T0 to adjust we obtain best fits with χ 2 ν = 11.0/17 and χ 2 ν = 17.5/17, and the confidence contours are plotted in Fig. 7 . The contours suggest that the QPO spectra are again somewhat softer and indeed have higher T0 than the time averaged spectra, however the difference between the spectral slopes in not highly significant. We note then that for 4U 1630-47 the QPO spectra are closer to the time averged spectra than those of XTE J1550-564 (V). Since the time averaged spectra 4U 1630-47 are softer than the spectra of XTE J1550-564 (V), we might be observing here a transition from the hard state behaviour (as in XTE J1550-564) to the soft state behaviour, where the QPO spectra are harder than the time averaged spectra.
The reprocessed component in the QPO spectra
We have checked if the reprocessed component is present in the QPO spectra. Firstly, we assume the time averaged continuum as a model for the QPO, and let the reflection parameters, R, ξ and Rin to be free. Such models do not provide good fits, with only two cases when χ 2 ν < 1.5 (Table 6 ; columns a and b). Therefore, although the reprocessed component is present in the model, it is difficult to assess its statistical significance. In the two cases where Figure 7 . Confidence contours (∆χ 2 = 2.3, 4.6 and 9.6) in the Γ-T 0 plane for the QPO spectra from the observations of 4U 1630-47 in the hard state. 'X' mark the best-fit parameters to the time averaged spectra. The QPO spectra are somewhat softer and have higher T 0 than the time averaged spectra the fits are acceptable (XTE J1859+226, datasets I and IV), the reflection is significant. Secondly, we fit the QPO data with the THCOMP model al- 0) reprocessed component is added, with no relativistic smearing (i.e., one additional parameter) e Best fit value of reflection amplitude (or 90 per cent upper limit, ∆χ 2 = 2.71, when ∆χ 2 = 0 in column d ) f ∆χ 2 (relative to fits c ) when ionized reprocessed component is added (2 additional parameters) g Best fit value of R from fits f h Best fit obtained for a pure reflected component (R = +∞); 90 per cent lower limit shown i the disc blackbody component was included in the QPO model lowing all its parameters, Γ, kTe and T0 to adjust. The continuum is thus described correctly, which allows for meaningful determination of the presence and parameters of the reprocessed component. We then add the reprocessed component, assuming first a cold matter (ξ = 0), and then allowing ξ to adjust as well. In Table 6 we present the quality of the initial model (i.e. no reflection) fits, and the ∆χ 2 values when the reprocessed components are added. Adding the reprocessed component improves the fits in most of the datasets, with ionized reprocessing giving better fits than cold reprocessing. Reduction of χ 2 values by 10-60 means that the reprocessed component is highly significant.
Reflection amplitudes in the QPO spectra are generally rather poorly constrained. In the three anomalous very high state spectra of XTE J1550-564 the best fits are obtained for a pure reflected component. However, the ionization parameter in the pure reflection models is rather high, ξ ∼ 10 5 , which means that the Fe reprocessing features are not very prominent. The 90 per cent lower limits to R are rather low, nevertheless, reduction of χ 2 by 11-22 means that the component is highly significant in at least two of those spectra.
DISCUSSION
We have applied techniques of Fourier spectroscopy to the analysis of X-ray spectra of a number of black hole X-ray binaries showing QPO in their PDS. We have analysed both Fourier-frequency resolved spectra and the QPO r.m.s. spectra. We find that in general the variable parts of X-ray spectra are consistent with thermal Comptonization and they do not require the disc thermal component for their description. This extends previous studies of Chura-zov et al. (2001) (for soft state of Cyg X-1), and it argues for the origin of the variability (including the QPO) in oscillations/flares in the hot plasma rather than oscillations of the cold disc.
Investigating spectral trends with Fourier frequency we found that in the soft spectral state the ff-spectra become softer with increasing Fourier frequency. This is opposite to what was reported in the literature for the hard spectral state of Cyg X-1 (Revnivtsev et al. 1999) , where the spectra were harder at higher f . Different relations Γ-f may be related to different shapes of the basic X-ray flares comprising the light curve. Common to both spectral states are the hard X-ray time lags (review in Poutanen 2001) . One way to explain them is to assume that the spectrum evolves during a flare, from a softer one to harder (Negoro, Kitamoto & Mineshige 2001; Poutanen & Fabian 1999) . Then, if the basic X-ray flare has a profile with larger content of higher f 's later during the flare, the higher frequency spectra will be harder. This is the case for the low/hard state, where flares are of the slow rise, fast decay type (Maccarone, Coppi & Poutanen 2001) . Although the flare profiles are probably even more complex (Maccarone & Coppi 2003) , the basic condition is that when (where) high frequencies are generated, the energy spectra are hard. The opposite must then be true for the soft state: the temporal profiles are such that high Fourier frequencies are generated earlier during a flare, when the spectrum is softer.
We have also attempted to identify a unique signatures of QPO in the ff-spectra. The data hint at a possibility that the seed photon temperature reaches maximum at f = fQPO but the confidence contours are quite broad. However, that possibility is supported by analysis of the QPO r.m.s. spectra and comparison with the time averaged spectra.
Comparing the time averaged and the QPO spectra we ex-plicitly find that only one component, a thermal Comptonization (with its Compton reflection) is needed to describe the latter. However, the QPO spectra are in most cases significantly different than the Comptonized component in the time averaged spectra. Qualitatively, we find an interesting anti-correlation: in soft spectral states the QPO spectra are harder than the mean spectra, while they are softer than the mean spectra in hard spectral states. Together with two intermediate cases this forms a continuous sequence. Quantitatively, the differences between the spectra can be described by a difference in spectral indices or seed photons temperatures, or both, with the statistical quality of the various descriptions being approximately the same. The QPO spectra do contain the reprocessed component. In most datasets their presence is highly statistically significant (99 per cent or better), although the reflection amplitude is rather poorly constrained. Because of that, it is not possible to determine if the amplitude is different than that in the time averaged spectrum.
In Paper I we introduced a phenomenological model of QPO, where the background radial propagation model of broad band variability (Kotov et al. 2001 (Kotov et al. ,Życki 2003 is supplemented with quasiperiodic modulation of one or more of the parameters of a Comptonization spectrum. The main parameters include the plasma heating rate, l heat , the cooling rate by soft disc photons, l soft (here l ≡ (L/R)σT/(mc 3 ) is the compactness parameters), and the amplitude of the reflected component (describing the coupling between the heating and cooling). Our motivation for such a model is that irrespectively of the physical mechanism behind the QPO, the modulation of the emitted X-rays can only be produced by a modulation of one or more of the parameters actually determining the hard X-ray spectrum. We can now discuss our observational results in the light of that model. QPO spectra harder than the mean spectra can be obtained if the QPO are produced by modulation of the heating rate while the cooling rate does not respond fully to l heat modulation. This produces spectral pivoting around the low energy end of the spectrum, and, in consequence, r.m.s. variability increasing with energy. Such a model might then be applicable to the soft spectral states discussed in this paper. The model predicts a local maximum of the EW of the Fe Kα line at the QPO frequency (see fig. 3 in Paper I), but the quality of our data is not sufficient to test this prediction.
QPO spectra softer than the mean spectra can be produced by modulations driven by the cold disc. One possibility here is a modulation of the cooling rate. This results in the spectra pivoting around an energy point intermediate between the low and high energy ends of the spectrum (see also Zdziarski et al. 2002) . In the limited energy band, e.g. that of RXTE/PCA, it may correspond to the r.m.s. spectra decreasing with energy.
The cooling rate may be modulated with or without modulation of the seed photons temperature. The difference between the two is that the QPO spectrum is monotonic in energy in the former case but it has a very deep minimum (at the pivot energy) in the latter case (see figs. 4 and 5 in Paper I). Additionally, QPO harmonics appear when T bb is modulated, since the modulation of l soft is then not sinusoidal (even if modulation of T bb is). However, the harmonics are limited to the soft disc component only, unlike in some of our data, for example, XTE J1550-564 (I).
The other possibility of producing a soft QPO spectrum is to modulate the amplitude of the reflected component, R, assuming that it also describes the feedback between illuminating hard Xrays and the re-emitted soft disc photons cooling the hot plasma. Because of the coupling, this again generates modulations of l soft and the characteristic spectral pivoting. The most characteristic fea-ture of this model is the strong Fe Kα line (and the entire reprocessed component) at fQPO, directly resulting from modulations of R. Contrary to that, the model with l soft modulation gives either generally weak Fe line, or at least a minimum at fQPO. The presence of reprocessed component (including the Fe Kα line) in our QPO spectra makes modulation of R an interesting possibility (see also Miller & Homan 2005) .
We note that models from Paper I involving modulation of l soft predict very strong soft component in the QPO spectra, which is not observed. It is rather hard to envision a geometry where the modulated soft flux would enter the hot plasma, but would not be directed towards an observer. Modulation of R also produces some soft component in the QPO spectra, but it appears less prominent than the one from l soft modulation models. Clearly, further development of the models is necessary to fully describe the data.
Another potentially useful diagnostics is the coherence function. While variations in different energy bands are perfectly coherent when R is modulated, the coherence function shows a complex behaviour, with a number of minima, when l soft and/or T bb are modulated. However, distinguishing between the models based on such predicted observables as the EW of the Fe Kα line, the coherence function or the hard X-ray time lags would require better data than currently available.
It needs to be emphasized that majority of physical models of QPO envision the QPO as driven by some kind of disc oscillations. However, our interpretation of the energy dependencies of low-f QPO, at least in soft spectral states, would rather point out to modulations of the heating rate in the hot plasma. If so, then those models must find a way of transferring the disc oscillations to the hot plasma with 100 per cent efficiency, i.e. without affecting the disc emission. On the other hand, most of the models were formulated in the context of the high frequency QPO, where the energy dependencies might be different than those for the low-f QPO. The only work where a physical model of the low-f QPO was constructed is that by Giannios & Spruit (2004) . They consider oscillations of a hot ion-supported accretion flow coupled to a outer cold disc. The coupling is realized by a number of channels: hard X-rays illuminating the cold disc, hot protons heating the cold disc, the soft disc photons cooling the hot flow. Spectral variability predicted by that model corresponds to our case of modulating the cooling rate, that is, the QPO spectra are softer than the time averaged spectra. This would then be consistent with observed QPO behaviour in the hard state. The overall geometry of a hot inner flow and an outer cold disc fits that state too.
Considering that the usual broad band noise X-ray variability is driven by instabilities and flares in the hot plasma, it is obvious that an important piece of physical understanding is still missing.
CONCLUSIONS
• The Fourier-frequency resolved spectra in the soft state of the analysed transient sources are softer with increasing Fourier frequency. This is opposite to what was found for Cyg X-1 in its hard state.
• The QPO energy spectra are harder than the time average spectra in soft spectral states, but they are softer than the time averaged spectra in the hard state. The QPO spectra are similar in slope to the time averaged spectra, when the latter are intermediate in slope between hard and soft (Γ ≈ 2).
• The disc component is absent in the QPO spectra.
• Comparison of the observational data with simple models of spectral variability suggests that instabilities in the hot plasma drive the low-f QPO in the soft state, while cold disc oscillations drive the QPO in the hard state.
